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Abstract

A facile one-pot solvent thermal method was proposed to synthesize magnetic mesoporous carbon (MMC) using Fe(NOs);-
9H,O0 as a precursor, Pluronic copolymer P123 as template, and chitosan as carbon source, and it was applied for the adsorptive
remediation of methyl orange (MO). The characterization results of TEM, XRD, and IR showed that MMC consisted of
graphitized carbon matrix and some black spherical particle mixture of Fe;0,4 and Fe, and it was rich in hydroxyl and carbonyl
groups. Besides, the effect of the content of Fe and the content of chitosan in MMC on the magnetism and adsorption perfor-
mance of prepared material were investigated. In addition, the effects of pH value, initial concentration of methyl orange, and
contact time on the adsorption performance of MO were studied, respectively. At 318 K, the maximum adsorption capacity of
MO calculated from Langmuir isotherm was from 139 to 400 mg g ' on MMC. Kinetic studies demonstrated that the adsorption
process obeyed a pseudo-second-order kinetic model. The regeneration experiments revealed that MMC could be reused at least
five times without notable decrease of adsorption performance. These results illustrate that MMC is an efficient and economical

adsorbent for the adsorption of MO.
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Introduction

The design, fabrication, and modification of mesoporous car-
bon materials (MC) have drawn much attention because they
have demonstrated excellent performances in various applica-
tion fields such as catalyst supports (Ghuge and Saroha 2018;
Zhang et al. 2015), energy storage and conversion systems
(Wang et al. 2018; Su et al. 2012; Li et al. 2015), electrochem-
ical sensors (Walcarius 2017), and adsorbents (Hao et al.
2010; Libbrecht et al. 2017; Tripathi et al. 2014) due to their
fascinating features, for example, large specific surface area,
porous structure and tunable pore size, and good chemical and
thermal stability (Suib 2017). The controllability of mesopore
size and a variety of their pore structures can make MC serve
as very attractive and effective adsorbents. Moreover, MC can
interact with analytes not only on their surface but also

Responsible editor: Tito Roberto Cadaval Jr

>4 Hongmei Jiang
jianghongmei@njau.edu.cn

' College of Science, Nanjing Agricultural University, Weigang Street

1#, Nanjing 210095, China

@ Springer

throughout the bulk of the materials, which contributes to high
adsorption performance.

It is more attracting to explore the possibility of improving
or extending their properties by introducing functional nano-
particles in MC matrix (Zhang et al. 2016). Various nanopar-
ticles have been introduced into MC, such as sulfide (Liu et al.
2019), metal oxides (Coromelci-Pastravanu et al. 2014;
Fuertes et al. 2007; Liu et al. 2014), and metals (Holec et al.
2018). In particular, magnetic nanoparticles are of great scien-
tific interest for catalysis and adsorption because the deposited
magnetic nanoparticles can provide a high strong magnetic
response (Ma et al. 2017; Liang et al. 2016), which can offer
easily separating and recovering adsorbents from the reaction
medium by an outer magnet and reducing the energy con-
sumption. Besides, the combination of magnetic nanoparticles
and MC (magnetic mesoporous carbon (MMC)) can improve
the stability of magnetic nanoparticles by confinement inside
the carbon matrix, thus avoiding the oxidation or dissolving of
nanoparticles during the application. In addition, the restric-
tion on magnetic nanoparticles by carbon matrix can control
the growth of the particles, providing tunable particle size.

Generally, the surface area and pore structure, depending
on the synthesis approaches, are two key factors affecting the
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adsorption performance of the adsorbents, so far, a large num-
ber of synthetic strategies have been reported for the fabrica-
tion of MMC, in which post-loading or nanocasting method
were commonly adopted according to the review of Zhao
(Deng et al. 2011). When using post-loading method, magnet-
ic nanoparticles were loaded into the pre-synthesized MC or
an inorganic precursor was impregnated into the pores of MC
(Deng et al. 2017; Li et al. 2017a; b; Yadaei et al. 2018; Wu
et al. 2012) followed by in situ conversion of the precursor
into magnetic nanoparticles through thermal treatment.
Although post-loading approach can retain the morphology
and size uniformity of MC, it requires multiple complicated
synthetic steps. More importantly is the introduction of mag-
netic nanoparticles in porous hosts can block the main pores of
mesoporous materials, leading to low pore volume, low sur-
face area, and poor accessibility of pores. In order to solve
these problems, another nanocasting method (Zeng et al.
2015; Liu et al. 2016; Tang et al. 2014; Dai et al. 2018) is
proposed, in which the precursors of carbon and metal are
impregnated into the mesopore channels of hard templates
and then carbonized by thermal treatment and removed hard
templates through dissolving or calcining at last. Usually, it is
not easy to avoid the etching of magnetic nanoparticles pre-
pared by nanocasting method in acidic solution, which will
result in losing their magnetism and hard separating by an
outer magnet.

The principle of the foregoing two techniques is easy to
understand, and the prepared material by these methods can
provide high surface area and offer large adsorption capacity,
which makes them achieve intensive application for the ad-
sorption of Cd(II) (Quiroa-Montalvan et al. 2017; Li et al.
2017a; b; Zeng et al. 2015), Cr(VI) (Li et al. 2017a; b; Tang
et al. 2014), As(III) (Wu et al. 2012), As(V)(Wu et al. 2012),
Pb(Il) (Quiroa-Montalvan et al. 2017), Hg(II) (Liu et al.
2016), and dye (Deng et al. 2017; Dai et al. 2018).
Normally, the fabricating progress of post-loading, needing
several steps, is a little tedious and complex. As for
nanocasting, it needs to sacrifice hard template, causing seri-
ous wasting. In order to improve the efficiency of the MMC as
adsorbents, a facile one-pot strategy is proposed, which in-
volves mixing and carbonating of the precursors of metal
and carbon using porogen as template or combining with the
self-assembly of amphiphilic block copolymers, allowing the
simultaneous formation of the mesoporous carbonaceous ma-
trix with in situ generating magnetic nanoparticles with no
need of reducing treatment. Wu’s group (Li et al. 2017a; b)
has proposed a new kind of magnetic mesoporous carbon
prepared by the one-step carbonization of a hybrid precursor
of glucose, melamine, and iron chloride using KCI/ZnCl, as
the porogen. Gao’s group (Ma et al. 2017) has synthesized a
magnetic mesoporous carbon through a simple one-pot route
using the biomass chitosan and Fe(NO;); as precursors and
NaCl as template agent. The materials prepared by the above

methods both displayed an effective adsorption behavior.
Zhao’s group (Zhai et al. 2009) has reported a facile and con-
venient method to prepare MMC using Resol and ferric citrate
as the precursors and triblock copolymer F127 as a template
via a solvent evaporation-induced self-assembly method.
Furthermore, in order to improve the adsorption and magnetic
performance of the materials, the effect of the amount of metal
precursoron pore features and magnetic properties was inten-
sively examined by Zhao’s group.

Chitosan, known as harmless biopolymers, is abundant in
amino and hydroxyl functional groups, which makes it a high
adsorption potential for various pollutants in the water treat-
ment (Yadaei et al. 2018). Taking into account the foregoing
viewpoints, we report a convenient one-pot solvent thermal
method to fabricate magnetic mesoporous carbon using
Fe(NO3);-9H,0 as a metal precursor, chitosan as carbon
source, and Pluronic copolymer P123 as template.
Compared with the study of Zhao’s group, solvent thermal
procedure can save evaporation time. Besides, in order to
make sure the relationship between the structure and perfor-
mance, the effect of the amount of carbon precursors and the
amount of metal precursor on the adsorption performance and
magnetism of MMC will be investigated in detail. To study
the adsorption performance of the prepared MMC, methyl
orange (MO) is selected as analyte. The effects of pH value,
initial concentration of methyl orange, contact time, and tem-
perature on the adsorption quantity of methyl orange will be
evaluated, respectively.

Experimental
Materials and standard solution

All the reagents and chemicals used in this study were of
analytical grade without further purification. The medium vis-
cosity chitosan (CS) was purchased from Shanghai Ryon
Biological Technology Co., Ltd. (Shanghai, China). Ferric
nitrate nonahydrate (Fe(NOs);-9H,0) and acetic acid solution
36% were ordered from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Polyethylene oxide—polypropylene
oxide—polyethylene oxide (P123) and tetracthyl orthosilicate
(TEOS) were provided by Aldrich (Shanghai, China). MO
standard solution (1 g L™") used in this experiment was pre-
pared by dissolving 1 g MO powder with 1 L ultrapure water.

Preparation of magnetic mesoporous carbon
composite

Magnetic mesoporous carbon composite was synthesized by
one-pot solvent thermal route based on the modified approach
reported by Zhao’s group (Zhai et al. 2009). The detailed
experiment parameters, adsorption performance, and
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magnetism of the products prepared in this work are shown in
Table 1. In brief, 1 g of P123 and a certain amount of
Fe(NOs)3°9H,0 (0.606, 0.808, and 1.212 g) were mixed into
10 mL of ethanol solution with stirring violently at room tem-
perature until clarification. Meanwhile, a given amount of CS
(0.1, 0.25, and 0.5 g) was added into the mixture of 40 mL of
ethanol and acetic acid with a volume ratio of 1:1 respectively
and stirred at 30 °C for 2 h and then transferred into the
solution made in first step at the speed of 1 day s ' using a
peristaltic pump. After stirring for another 30 min, 3 mL of
TEOS was dropped into the reaction solution with the speed
of 3 days s™' and stirred for 3 h to give it a full reaction.
Afterwards, the mixture was poured into a 100 mL of stainless
steel autoclave with Teflon lining and heated in an oven at
110 °C for 24 h. The obtained brown gel was dried in an oven
at 60 °C for 12 h and then calcinated (700 and 900 °C) under
the atmosphere of nitrogen. Finally, the composite was
washed three times with sodium hydroxide solution and de-
ionized water, respectively, and then dried at 60 °C.

Characterization

The microstructure of MMC was observed by S-3400N II
transmission electron microscope (TEM) (Hitachi, Tokyo,
Japan). V-Sorb 2800P-specific surface area analyzer (BET)
(Gold APP Instrument, Beijing, China) was utilized to detect
the specific surface area and aperture of the sample by N,
adsorption/desorption. The FT-IR spectra were recorded by
Fourier transform infrared spectrometer (Thermo Nicolet,
USA) within a range of 400-4000 cm ™. Powder X-ray dif-
fraction (XRD) data were acquired using an X’TRA X-ray
diffractometer (ARL, Switzerland). CyberScan pH 2100 pH
meter (Eutech, USA) was used to measure the pH values. All
reactions in the experiment were carried out in a KH-500
ultrasonic bath (Kunshan Hechuang Ultrasonic Instrument,
Suzhou, China) to enhance the adsorption efficiency.

Adsorption experiments

All adsorption experiments in this study were conducted in a
batch mode, and all reactions were carried out in an ultrasonic
bath. The effect of pH on the adsorption capacity was mea-
sured by adding 2 mg adsorbent into 40-mL 110 mg L' MO

Table 1  Synthetic conditions and performance

Sample number Mg () mcs () Calcined temperature (°C)
1 0.606 0.5 900
2 0.808 0.5 900
3 1.212 0.5 900
4 0.808 0.1 900
5 0.808 0.25 900

@ Springer

solution with pH varying from 2 to 7. Then, the beakers with
mixed solution were soaked in the ultrasonic bath for 30 min
to speed up the adsorption equilibrium. The adsorbent was
separated using a magnetic field, and the supernatant solution
was collected to acquire the residual concentration by using
UV-Vis spectrophotometer at a wavelength of 470 nm.

Isotherm experiments were carried out by changing the
initial MO concentrations ranging from 10 to 110 mg L™' by
adding 2 mg adsorbent into 40 mL reaction mixture under the
condition of pH =4. The same experiment was conducted at
25, 35, and 45 °C, respectively. The other procedure was the
same as the experiments for pH effect.

Kinetic experiments were studied by varying the contact
time from 5 to 80 min. The other procedure was the same as
the isotherm experiments.

The removal rate (R%) and adsorption capacity (Q) of MO
were calculated using the following formula:

R% = (Co—C.)/Co x 100% (1)
0= (Cy—Ce¢) X V/m (2)

where Cy and C, are the initial concentration of MO
(mg L") before adsorption and the equilibrium concentration
of MO (mg L") after adsorption, m is the mass of the adsor-
bent (mg), Vis the volume of MO solution (mL), and Q is the
adsorption capacity (mg g ).

Regression analysis

Nonlinear regression was adopted to fit the equilibrium data
and kinetic data. The parameters were determined through
Quasi-Newton estimation method by use of the Origin soft-
ware. The fits quality of the model was evaluated by coeffi-
cient of the determination (R?) and average relative error
(ARE) (Cadaval et al. 2015; Rodrigues et al. 2018).

The feasibility of desorption and regeneration of the adsor-
bent was evaluated using 0.1 mol L™' NaOH. Typically,
40 mL desorbing agents with 2 mg MO-loaded MMC were
ultrasonically treated for 60 min and then were magnetically
separated. The adsorbent was washed with deionized water for
three times and then directly used for the next cycle. Five
sequential cycles of adsorption—desorption were carried out.

Results and discussion

Characterization

TEM images

The morphology of the magnetic mesoporous carbon compos-

ite is displayed by TEM images shown in Fig. 1. From the
TEM images, it can be seen that the morphology of three kinds
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Fig. 1 TEM images of magnetic
mesoporous carbon composite
with 0.1 g chitosan (A-1 and A-2),
0.25 g chitosan (B-1 and B-2),
and 0.5 g chitosan (C-1 and C-2)
with different resolution ratios

of MMC are all amorphous and there are some black particles
distributed in the carbon matrix formed by carbonization of
chitosan. As the dosage of chitosan increases, the black parti-
cles turn into regular spherical shape and their particle sizes
become larger, which is created due to thermal reduction re-
action between carbon and iron, likely reducing ferric iron to
zero-valent iron or Fe;04. Furthermore, as observed in the
high-resolution TEM spectrogram, the regular stripes in black
particles indicate that they are typical crystal structure.

XRD pattern

XRD is used for identifying the crystallographic structure of
MMC with different chitosan contents. As shown in Fig. 2, the
broad diffraction peaks between 20° and 25° appearing in all the
XRD patterns are assigned to amorphous carbon (Li et al. 2017a;
b), illustrating the formation of carbon skeleton through
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Fig. 2 XRD patterns of magnetic mesoporous carbon composites
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calcination of the chitosan precursor and poor crystallinity of the
carbon. The existence of four peaks at 30.7°, 35.6°, 44.5°, and
52° shown in the three spectrogram result matches well with pure
Fe304 ((220), (311), (400), and (422), JCPDS, 85-1436) (Li et al.
2017a; b), which clearly demonstrates that Fe;0, nanoparticles
are successfully embedded in the carbon matrix. The peak at
65.1° is ascribed to the typical diffraction peak of Fe, which is
indexed as (200) planes (Ma et al. 2017).Therefore, the results
exhibit that the black particles found in the TEM images are the
mixture of Fe;0,4 and Fe.

FT-IR spectrum

Fourier transform infrared spectrometer, used to analyze the
functional groups on the surface of the material, is one of the
important means of characterization. The infrared spectrums
of MMC with different chitosan contents are shown in Fig. 3.
The peaks at 3400, 3132, and 3139 cm’! represent the
stretching vibration of —OH. The peaks at 2921 and
2857 cm ' are contributed to the stretching vibration of C—
H. There is a strong absorption peak at 1630 cm ™', which
ascribes to the stretching vibration of C=0. And the peak at
1397 cm™" is index to the vibration of C—O. The sharp vibra-
tion bands at 1092 and 470 cm ' are corresponding to Si-O.
Besides, a set of weak peaks at 562 cm” ! in three MMC can be
observed obviously, which is the typical peak of Fe—O. The
above results reveal that the iron particles have already entered
into the mesoporous carbon. In addition, there are plenty of
functional groups such as O—H, C-0O, and C=0 in the
material.

BET analysis

The surface properties of three kinds of adsorbents are sum-
marized in Table 1. According to the data, with the increase of
the content of chitosan, the surface area and pore volume of
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Fig. 3 IR spectra of magnetic mesoporous carbon composites
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the material increase and the pore size decreases. These results
demonstrate that with the increase of chitosan, a dense pore
structure is formed, which leads to the decrease of the pore
size and the increase of the specific surface area.

Effect of the content of Fe and chitosan on magnetism
and adsorption performance

Based on the preparation method of MMC, it can be seen that
the introducing of Fe into the mesoporous carbon contributes
to the magnetism of composites. Besides, as carbon source,
the content of chitosan will have tremendous influence on the
adsorption capacity of the composites. Considering this, the
effect of the content of Fe on magnetism of the prepared ma-
terial and the effect of the content of chitosan on the adsorp-
tion performance are investigated and the results are showed
in Fig. 4. As can be seen that, with the increasing of the
content of Fe ranging from 0.606 g in sample 1, 0.808 g in
sample 2, and 1.212 g in sample 3, the magnetism of MMC
improves rapidly, which is in good agreement with our spec-
ulation. In addition, when the content of Fe is all set at 0.808 g
(samples 2, 4, and 5) and the content of chitosan increases
from 0.1 to 0.5 g, the higher content of chitosan in MMC
results in the weaker magnetic properties of the material,
which is possibly because the content of Fe per unit mass of
MMC decreases. According to Fig. 4, another interesting re-
sult is the higher the content of chitosan is, the higher adsorp-
tion capacity of MO on MMC is (The content of chitosan in
samples 1-3 is 0.5 g and is 0.1 and 0.25 g in samples 4 and 5,
respectively.). This reveals that the introduction of chitosan
has a very significant influence on the adsorption capacity of
MMC, which may be due to the abundance of functional
groups provided by chitosan. Taking the above results, it can
be concluded that the higher the content of Fe in MMC leads
to the stronger the magnetism of MMC and the higher the
content of chitosan contributes to the larger the adsorption
capacity of MMC.
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Fig. 4 The effect of the content of Fe and chitosan on magnetism and
adsorption performance
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Adsorption studies
Effect of pH

Solution pH is an important factor that affects both the chem-
ical characteristic of template analytes and ionic state of func-
tional groups on the surface of adsorbents. In this study, the
effects of pH on the adsorption of MO by three materials
during the pH value range of 2-7 are investigated, and the
results are shown in Fig. 5. The adsorption of MO on the three
prepared MMC increases as pH increased from 2 to 3. The
adsorption capacity declines slightly at pH ranging from 3.0 to
4.0 and then no significant change in the adsorption can be
observed with further changes in pH. Besides, the adsorption
capacity of MO by the three MMCs enhances with the increas-
ing of the content of chitosan, which may be due to the higher
surface area and is in accordance with the measured data ob-
tained from BET. Such phenomenon can be attributed to the
ionic chemistry of the solution and surface charge of the
adsorbents.

According to the Zeta potential analysis illustrated in
Fig. 6, the isoelectric point of MMC (with 0.5 g chitosan) is
4.23. Therefore, it can be concluded that the potential of the
surfaces of MMC are positive when pH < 4.23 and conversely
negative when pH >4.23. In the case of MO, it exists in an
anionic sulfonate in the solution and carries a negative charge.
Hence, during low pH values (pH <4.23), the negatively
charged MO (MO") can act with the protonated adsorbent
(MMC™) through electrostatic attraction, which contributes
to the adsorption of MO. At the same time, large amounts of
H* can compete with MMC* for MO, leading to a decrease in
the binding of MMC* and MO . Furthermore, with increasing
pH, the competition from H" becomes weaker, releasing more
MO and producing higher adsorption of MO. And the num-
ber of positively charged sites on the surface of MMC

80

—&— 0.1 g chitosan
70 1 —— (.25 g chitosan
—4&— (.5 g chitosan

pH

Fig. 5 The effect of pH value on the adsorption capacity of MO on
magnetic mesoporous carbon composite
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Fig. 6 Zeta potential of MMC with 0.5 g chitosan before adsorption

decreases with the increasing pH, which generates less ad-
sorption of MO (Blaisi et al. 2018). At pH >4.23, the interac-
tion between adsorbent surfaces and anionic dyes is an elec-
trostatic repulsive force, resulting in a lower adsorption of
MO. Under this condition, the adsorption of MO may be
due to the chemical interactions of carbonyl groups of com-
posites with anions of dye molecules (Li et al. 2014). Because
of the small solubility of MO, when the MO concentration is
too high (100 mgL™), it tends to precipitate. Hence, pH 4 is
selected in the subsequent experiments.

Effects of concentration and adsorption isotherm

The initial concentration of analytes is one of the most impor-
tant factors affecting the adsorption capacity of the material.
The effects of the initial concentration on the adsorption ca-
pacity of MO by MMC were studied. As the results in Fig. 7
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Fig. 7 The effect of initial MO concentration on the adsorption capacity
of MO on magnetic mesoporous carbon composite
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Table 2 BET analysis of

magnetic mesoporous carbon Chitosan content (g)

Specific surface (m” g ')

Pore volume (cm® gfl) Average pore diameter (nm)

composites
0.1 136
0.25 169
0.5 244

0.84 24
091 20.8
0.61 10.1

show, along with the enhancing of the initial concentration of
MO, the adsorption capacity of MO by MMC increases rap-
idly and then tends to be stable until the concentration reaches
110 mg L™". With the gradually increasing initial concentra-
tion of MO, the difference between the concentration of MO
existing in the solution and the concentration of MO adsorbed
on the surface of MMC increases, which generates the in-
crease of mass transfer force and the diffusion rate of MO
and leads to the higher adsorption capacity of MO by MMC.
When the concentration of MO in the solution is high enough
(C=100mg Lfl), the active sites of the adsorbent will be fully
occupied, which indicates that the MMCs attain saturation
adsorption with the highest adsorption capacity. In addition,
with the increase of the chitosan content, the adsorption ca-
pacity of MO on the three types of MMC increases greatly,

T
100

which might be due to the increasing specific surface area of
the materials and much more functional adsorption groups of
the adsorbents (Table 2).

Simultaneously, the effects of initial concentration on the
adsorption capacity of MO by three MMC at different tem-
peratures (298, 308, and 318 K) are also studied, and the
results are shown in Fig. 8. For three MMC with different
chitosan contents, the adsorption capacities are 94, 122, and
184 mg g ' at 298 K, respectively, 119, 153, and 298 mg g '
at 308 K, and 123, 191, and 389 mg g ' at 318 K. From Fig.
7a, ¢, it can be concluded that in the case of MMC with
different contents of chitosan, the adsorption capacity of MO
by adsorbents increases with the increasing of temperature.
Besides, under the same temperature, the adsorption capacity
of MO by MMC enhances with the increase of the content of

T T
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Fig. 8 The effect of initial MO concentration at different temperatures on the adsorption capacity of magnetic mesoporous carbon composite with 0.1 g

chitosan (a), 0.25 g chitosan (b), and 0.5 g chitosan (c)
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Table 3

Equilibrium parameters for the adsorption of MO onto MMC

Temperature (K)

MMC (0.1 g chitosan)

MMC (0.25 g chitosan)

MMC (0.5 g chitosan)

298 308 318 298 308 318 298 308 318
Langmuir
gm (mg g 1) 110.81 131.93 145.23 152.82 191.25 23491 190.39 293.45 389.09
ke (L mg™h) 0.0602 0.0808 0.0684 0.0375 0.0427 0.0582 0.1990 0.3346 0.2975
R 0.9840 0.9807 0.9774 0.9832 0.9971 0.9941 0.9892 0.9567 0.9715
ARE (%) 3.38 1.64 2.57 427 1.94 3.16 0.69 125 522
Freundlich
n 3.08 3.41 3.16 2.43 2.53 2.87 5.19 5.28 4.77
Kp (mg g ") (L mg H" 21.78 31.51 30.41 18.67 25.82 41.73 77.70 127.55 154.85
R 0.8963 0.9837 0.9931 0.9947 0.9822 0.9429 0.9608 0.9660 0.9644
ARE (%) 3.16 1.37 1.91 420 2.08 3.06 5.84 0.64 0.28

chitosan. These results reveal that temperature has a signifi-
cant influence on the adsorption of MO by MMC, which will
be evaluated in “Thermodynamic study.”

The adsorption isotherm is an important method for deter-
mining the adsorption behavior of an adsorbent and under-
standing the adsorption mechanism. Therefore, Freundlich
and Langmuir adsorption isotherms are adopted and com-
pared to describe the adsorption process. The Langmuir and
Freundlich models are expressed by the following equations,
respectively:

quL Ce

— dm%l¥e 3
9e =Tt (KpCo) (3)
e = kiU @
where g,,, (mg g ") is the maximum adsorption capacity, ¢.

(mg g ") is the equilibrium adsorption capacity, K; (L mg ') is
the equilibrium constant, and C, (mg L") is the equilibrium

2254
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concentration of MO. K is the Freundlich constant
((mg gfl) (L mgﬁl)l/ " and 1/nF is the heterogeneity factor.
The isotherm parameters for the adsorption of MO onto
MMC determined by Freundlich and Langmuir models are
summarized in Table 3. As it can be observed, the R? of
three materials in Langmuir isotherm are higher than those
in Freundlich isotherm and average relative errors in
Langmuir isotherm are all lower than 5.00%, indicating
the Langmuir model is more suitable to represent the equi-
librium data. Furthermore, the experimental data for the
material containing 0.1 g chitosan (94, 119, and
130 mg gfl) are close to calculated values (108, 136, and
139 mg g '). Similarly, the experimental data for the ma-
terial containing 0.25 g chitosan (122, 153, and
191 mg g ') and 0.5 g chitosan (184, 298, and
389 mg g ') are both similar to calculated values. It can
be seen that the adsorption of MO by three kinds of mate-
rials is consistent with the Langmuir equation, which

140
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Fig.9 The effect of contact time on the adsorption capacity of MO on magnetic mesoporous carbon composites with a different content (a) and the effect
of contact time with a different initial concentration of MO on the adsorption capacity on magnetic mesoporous carbon composites with 0.25 g chitosan
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Table 4 Parameters of the

pseudo-first order and pseudo- Concentration (mg L™") ~ MMC (0.1 g chitosan) ~ MMC (0.25 g chitosan) MMC (0.5 g chitosan)

10 60 110 110

second order for the adsorption of
MO by MMC 110
Pseudo-first order
q: (mg gfl) 108.87
ki (min” ") 0.0721
R 0.9758
ARE (%) 5.37
Pseudo-second order
ge(mg g ") 118.87
k, (g (mg min) ") 0.0012
R 0.9993
ARE (%) 5.01

44.18 109.04 12574  291.84
03619  0.2958 02141  0.3405
09814  0.9908 09796  0.9540
1.37 1.20 2.99 1.51

45.18 12427  127.00  299.75
0.0120  0.0036  0.0057  0.0026
09822 09615 09992  0.9822
1.47 1.18 3.01 1.52

illustrates that the binding sites of magnetic mesoporous
carbon composite are on the surfaces equably and the ad-
sorption of MO is regarded as uniform monolayer
adsorption.

Effects of contact time and adsorption kinetics

Under the action of ultrasound, the MO molecule and the
absorbents can be fully contacted, thus promoting the ad-
sorption saturation of the material. The influence of the
contact time on the adsorption of MO on three types of
magnetic mesoporous materials is investigated, and the
results are shown in Fig. 9a. It can be seen that the ad-
sorption of MO on MMC with 0.1 g chitosan can obtain
equilibrium instantaneously. When the content of chitosan
increases to 0.25 g, the adsorption increases slightly in
10 min and then reaches the equilibrium. However, the
adsorption of the material with 0.5 g chitosan increases
violently in 60 min and at last becomes saturated. These
results exhibited that with the increase of the amount of
chitosan, the adsorption of MO on MMC needs more time
to get equilibrium, which is because MMC with higher
content of chitosan provides larger surface area and more
functional groups. Furthermore, for the MMC containing

0.5 g chitosan, the adsorption of MO can be divided into
two processes. In the first stage (10-60 min), owing to
abundant MO, plenitudinous adsorption sites on the sur-
face of MMC and huge mass transfer force of the system,
the adsorption capacity increases rapidly. However, later
on, with the decrease of adsorption sites on the surface of
MMC, the adsorption rate slows down gradually until the
adsorption equilibrium.

Simultaneously, the effect of contact time on the adsorp-
tion of MO by MMC with 0.25 g chitosan at different
initial concentrations (10, 60, and 110 mg L) are also
evaluated. As the results in Fig. 9b show, the adsorption
capacity enhances rapidly at the beginning and the adsorp-
tion equilibrium can be reached within only 10 min for 10,
60, and 110 mg L™" MO. And the adsorption capacity is
45, 108, and 125 mg g_1 for 10, 60, and 110 mg LY, re-
spectively, suggesting that with the increase of the initial
concentration, the adsorption capacity also increases. This
can be explained that the superior initial concentration can
offer more reactants, which can fully act with the adsorp-
tion sites on the surface of the sorbent and promote the
adsorption capacity effectively. Therefore, 60 min is select-
ed as the best contact time in all subsequent experiments
considering the efficiency of MO removal.

Table 5 Thermodynamic ]
parameters for the adsorption of Materials T X)

O.mgghH AGKImol™ AH&Imol™ AL Jmol 'K

MO on MMC
MMC (0.1 g chitosan) 298
308

318

298
MMC (0.25 g chitosan) 308

318

298
MMC (0.5 g chitosan) 308

318

108 —11.15 16.39 92.87
136 —12.40

139 —13.08

145 —12.12 25.58 126.62
172 —13.45

208 —14.67

196 —13.25 33.14 156.12
312 —15.06

400 —16.48

@ Springer



Environ Sci Pollut Res (2020) 27:8248-8259

8257

The contact time is one of the important parameters for
economical wastewater treatment application, and short equi-
librium contact time can improve the efficiency of the appli-
cation. The adsorption kinetics describes the solute uptake rate
and in turn governs the equilibrium contact time of the sorp-
tion reaction. Hence, the kinetic data is used to fit the pseudo-
first- and pseudo-second-order kinetic models, which is usu-
ally adopted to depict mass transfer processes, and the linear
could be expressed as follows:

q, = q,(1—exp(—ki1)) (5)

t
= (W) + a2 o

where &, (min ') and k» (g rng71 min ') are the rate con-
stants of the pseudo-first and pseudo-second-order models,
respectively, ¢; and g, are the theoretical values for the ad-
sorption capacity (mg g '), and ¢ is the time (min).

Kinetic parameters obtained from pseudo-first- and
pseudo-second-order models are displayed in Table 4. The
high values of coefficient of determination and the low values
of ARE indicated that the adsorption of MO by MMC was
obeyed with the pseudo-second-order model and might be a
rate-limiting step.

Thermodynamic study

In order to gain the information about the inherent energetic
changes during the adsorption progress and get a better under-
standing of the adsorption mechanism, adsorption isotherms
obtained at various temperatures are used to examine the ther-
modynamic study. The change in Gibbs free energies (G) are
then calculated with Eq. (7) and AH" and AS° are calculated
from Eq. (8):

AG" = —RTIn(p,Kp) (7)
In(pKp) = AS°/R — AH"/RT (8)

where R is the gas constant (8.314 J mol Kil), T is the
absolute temperature (K), Kp is the thermodynamic equilibri-
um constant (L molfl), and p,, is the water density (mg Lfl).

All the thermodynamic parameters are listed in Table 5.
The negative values of AG® during all the temperature ranges
reveal that the adsorption of MO by MMC is spontaneous and
the decline in the value of AG® with increasing temperature
demonstrates that the reaction is in favor of higher tempera-
ture. The positive value of AH° illuminates that the adsorption
process is endothermic; therefore, a higher adsorption capac-
ity can be obtained at higher temperature. Furthermore, the
positive values of AS° mean the randomness increased at
the solid-solution interface, which is mostly because of the
interaction between MO and MMC.

Desorption and regeneration

The practical application of an adsorbent in the remedia-
tion treatment rests on the adsorption capacity and reus-
ability of adsorbent. So, in order to check the economic
feasibility of the adsorption process, desorption experi-
ments and reusability experiments are performed in this
study. From Fig. 4, it can be observed that the adsorption
capacity of MO by MMC during the alkaline medium is
very low, implying alkaline medium is harmful for the
adsorption and alkali treatment is a feasible approach to
regenerating. According to the above consideration, 0.1 M
NaOH is used to desorb MO from MMC and the results
show that desorption efficiency can be high to 90%.
Besides, the results of adsorption—desorption cycles reveal
that the adsorption of MO by MMC nearly maintain un-
changed after five operation cycles, illustrating MMC is
an efficient and economical absorbent.

Conclusions

In this work, magnetic mesoporous carbon materials with a
large surface area of 244 m” g ' and high adsorption perfor-
mance were successfully synthesized for the removal of MO.
TEM results showed that the spherical particles had distribut-
ed into the graphited carbon matrix. According to IR results, it
could be seen that the prepared materials were rich in hydroxyl
and carbonyl groups, which could react with MO effectively.
Besides, the study of the effect of the content of Fe and the
content of chitosan in MMC on the magnetism and adsorption
performance of prepared material indicated that the content of
Fe is proportional to the magnetic properties of MMC and the
high content of chitosan contributes to high adsorption capac-
ity of MMC. In addition, the effects of pH value, initial con-
centration of methyl orange, and contact time on the adsorp-
tion performance of MO were evaluated, respectively. At
318 K, when the content of chitosan in MMC increased from
0.1 to 0.5 g, the maximum adsorption capacity of MO on
MMC increased from 139 to 400 mg g '. Kinetic studies
demonstrated that the adsorption process obeyed a pseudo-
second-order kinetic model, which indicated that the adsorp-
tion process is controlled by the rate-limiting step. At last, the
generation experiments revealed that the saturated materials
could be desorbed by 0.1 mol L' NaOH efficiently and
reused five times at least. These results illustrated MMC was
an efficient and economical adsorbent for the adsorption of
MO.
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